Stomatal closing movements in response to changes from CO.-free to C02-containing air were recorded in leaf sections of Zea mays using air flow porometers. The response to CO2 was fast; the shortest lag between the application of 300 microliters CO2 per liter of air and the beginning of a stomatal response was 3 seconds. The velocity of stomatal closing increased with CO2 concentration and approached its maximal value between 10' and 10' microliters CO2 (21) to deny the existence of stomatal responses to CO2 altogether, at least for leaves exposed to light and to CO2 concentrations "in the normal range." He has "difficulties in accepting a hypothesis of stomatal movement based largely on the CO2 concentration," to a large extent because "no reasonable biochemical explanation for such a CO, hypothesis has yet been suggested." Nonetheless, stomatal sensitivity to changes in intercellular CO, concentration would provide a highly effective regulatory mechanism, which could cause the stomatal pores to open only when CO2 assimilation depletes the tissue of CO2 and which could keep stomatal conductance for CO2 proportional to the demands of the carboxylating processes in the leaf.
of the stomatal CO, feedback system. Since the identity of this sensor is not known, its characteristics must be derived from responses of the whole stomatal control system to changes in the CO2 concentration of the air. Measurements of stomatal apertures at various CO, concentrations after stomata have attained steady states do not allow conclusions to be drawn as to the characteristics of the CO2 sensor. No error signal is produced by the error-detecting device of a control system in equilibrium. Consequently, no information can be obtained on the response curve of the error detector. The sensitivity to CO2 of the stomatal CO, sensor can, however, be determined from measurements of the velocity of stomatal closing after a switch from C02-free to CO2-containing air.
I shall show that the velocity of stomatal closing follows a saturation curve with respect to CO2. For the characterization of the relationship, a saturation constant, K4 (0 for "physiological"), is defined as being the concentration at which the stomatal closing response is half-saturated with respect to CO2. The constant KS5 (CO2) is analogous to a Michaelis constant but not identical with it because the concentration of an effector substance which produces a physiological response at half the maximal rate is not necessarily identical with the steady state constant of the complex between the effector molecule and its acceptor. The determination of a stomatal saturation constant for CO2 may help to identify the CO2 acceptor in the guard cells or at least help to exclude one or the other of the proposed mechanisms of stomatal reaction to C02- The velocity of stomatal closing was measured in leaf sections. Leaf sections were preferred to attached leaves because (a) material for treatments and controls could be taken from the same leaves and (b) water supply and leaf temperature could be better controlled than in attached leaves. Air flow porometers were chosen to record stomatal movements because they allowed changes of the intercellular air to be made rapidly and completely. In addition, the flow porometers allowed stomatal responses to be recorded virtually without delay and in several leaf samples simultaneously. In view of these advantages, the uncertainty of whether air flow through the leaf was primarily controlled by the stomata in the upper epidermis or those in the lower one, or those in both, was acceptable.
Zelitch believes that two different mechanisms operate in guard cells depending on whether leaves are exposed to light or are in darkness, the dark mechanism being possibly sensitive to CO2 (21) . My own experience suggests that the only important difference is in the supply of energy to the stomatal opening mechanism (13) . Nevertheless, in the present investigation measurements of the velocity of stomatal closing in response to CO2 were made in both light and darkness to provide 229 evidence for or against the hypothesis of two separate stomatal mechanisms.
MATERIALS AND METHODS
Plants. Zea mays L., Pioneer variety 395, was grown in growth chambers in 1.1 strength Hoagland solution (16-hr day; irradiance: 14 mw cm-2 from fluorescent tubes; day/night temperatures: 26/16 C). The experimental material was the fifth and sixth leaf, in the sequence of emergence, when the fifth leaf had fully developed auricles. The plants were then between 3 and 4 weeks old. A series of three consecutive sections, called A, B, and C, was cut from each leaf blade. Section B was always exposed to the experimental CO2 concentration, while A and C were treated with the reference concentration of 300 dul CO, per liter air.
Porometer System. The leaf sections were mounted between pairs of Plexiglas chambers which had air guides insuring a complete exchange of the air in the lower chamber within 0.5 sec when it was flushed with 19 liters hr-1. The exposed leaf area was 2.5 cm2 per chamber. Six pairs of chambers were submerged in a water bath at a temperature of 26.6 C. A pressure difference of 104 dynes cm-2 was maintained across the leaf samples, between bottom and upper chamber of each pair. The resulting air flow through the leaves was measured with improved versions of the photoelectric transducers described earlier (12) . The porometer system responded to changes in stomatal aperture virtually without delay; small changes in air flow were translated into small changes in air pressure which travelled through the measuring device with the velocity of sound in air. This procedure of normalization minimized effects of differences in stomatal behavior along leaves and between leaves.
Relative closing velocities formed the basis for the computation of saturation constants, K4 (as defined in the introduction), and of closing coefficients, E (as derived under "Results").
RESULTS
Time Course of Stomatal Response to CO2. Stomata responded rapidly to a change in the CO2 concentration of the porometer air (Fig. 1 ). For instance, upon switching from CO,-free air to 290 pd liter-' the average time for a measurable response was 10 sec, with the shortest time being 3 sec and the longest, 16 sec. Response to a change in CO, concentration in the opposite direction was equally fast. The average time before an observable response was again 10 sec, with 4 and 14 sec as the extremes. Delays of the same duration were recorded when the CO2 content of the air was kept constant but light intensity was changed.
Although stomatal closing set in rapidly after increasing the CO2 concentration in the air, the initial rate of closing was small. The closing movement accelerated after a delay of several tens of seconds. This latent period depended on the CO., concentration applied and on whether the leaf samples were in the light or not. Arbitrarily defined latent periods wvere determined from the multipoint records (TableI). Plots of the logarithms of the porometer data versus time (Fig. 2) indicate linear relationships beginning about 2 min after exposure to CO2. One or two changes in slope may occur later during closure, between 4 and 6 min after applicationof CO2.
Stomatal Closing Velocities as Functions of the CO., Concentration in the Air. The velocity of stomatal closing increased with increasing CO2 content of the air, in darkness as well as in the light (Fig. 3) . Lineweaver-Burk plots of the data suggest that stomatal closing velocities as a function of CO. than in the dark, because stomata opened wider during the pretreatment with CO2-free air if they were illuminated. Relative closing velocities were, however, of similar magnitude. The similarity of stomatal behavior in the light and in the dark also becomes evident from the approximate equality of the closing coefficients e computed from data obtained at 300 ,il liter' CO2. The coefficient e is defined by the equation which describes the linear phase of the relationship between the logarithm of air flow through the leaf and the time after the elapse of the latent period ( Fig. 2) :
where F2 and F. are the air flows measured 2 and 3 min after the change to C02-containing air and t is the time elapsed between the two flow measurements; in this case t = 1 min.
The closing coefficients can be used for further computations, for example, of the time stomata require to reduce their aperture to one-half their original width (the delays listed in Table I are not included). The half-times of changes in stomatal conductance for diffusing gases were estimated on the assumption that the conductance for viscous flow of a gas through a stoma is proportional to the third power of the conductance for diffusion of the same gas (10, 12) .
DISCUSSION
In this investigation stomatal responses to CO2 were measured after changing from C02-free to COg-containing air by determining the reduction in the viscous flow of air through a leaf sample within a certain time. This measure was called velocity of stomatal closing. Its choice resulted in smaller scatter of the data than when other evaluation procedures were used. Nevertheless, the observation of less scatter is not sufficient justification for this choice. Velocities of stomatal closing thus defined, however, turn out to have physiological significance of their own. Viscous flow through stomatal pores of grasses is approximately proportional to the third power of stomatal aperture (10, 12) . A consideration of the geometry of the stomatal apparatus of Z. mays suggests that in this species volume changes of guard cells are also approximately proportional to the third power of stomatal aperture (14) . It follows that viscous flow of air through a sample of maize leaf should to a first approximation be linearly related to guard cell volume. Thus any change in air flow recorded in a flow type porometer indicates a proportional change in guard cell volume, and any acceleration of the stomatal closing velocity caused by CO2 may be taken to indicate a proportionally increased volume flow of water (and solutes) out of the guard cells.
The observation of a logarithmic phase of stomatal closing suggests that exposure to CO, causes a relaxation of a potential difference between guard cells and the tissue surrounding them.
Stomatal responses to CO, were essentially identical in the light and in darkness. The relative closing velocities were of similar magnitude and followed similar saturation curves with increasing CO, concentration in the air (Figs. 3 and 4) . This suggests strongly that the mechanisms of stomatal responses to CO-operating in the light and in the dark are the same. Neales (11) , studying the effect of ambient CO, concentrations on transpiration in Agave americana, also concluded that it was not necessary to postulate two different mechanisms to explain stomatal sensitivity to CO, in the light and in the dark (and in nonsucculent and succulent plants, for that matter).
An opening effect of high CO, concentrations like that observed by Louguet (7) in Pelargonium zonale did not occur in Z. mays. Stomatal opening at high CO2 concentrations may not be a characteristic of the stomatal CO2 control system but may be due to responses of the whole leaf tissue to high CO, concentrations and may be related to phenomena reported to occur in carrot disks, sunflower hypocotyls, and oat coleoptiles exposed to high C02 concentrations (2, 15) .
Saturation constants, Kq (as defined in the introduction), computed from the saturation curves were low. Half-saturation of the stomatal response to CO2 was reached at about 200 liter-'. This finding is of significance because the range of high sensitivity to CO, of a system with this K4 coincides with the CO, concentration range known to occur in the intercellular spaces of illuminated leaves (100 to 300 p1 liter-'). Such a system appears to be well suited to adjust stomatal conductance for CO, in proportion to the CO, requirement of CO2 assimilation.
A stomatal saturation constant K4 (CO.) of stance, the CO2 concentration in the air decreases from 300 to 100 pl liter' the pH of water in equilibrium with air would increase only from 5.7 to 5.9. By contrast the pH of the contents of guard cells is reported to change by a much larger amount during stomatal opening (e.g., from pH 5 to pH 6-7.4; Ref. 16) .
The similarity of stomatal responses to CO, in darkness and in light suggests that the CO, sensor in the guard cells is located much closer to the atmosphere than to the chloroplasts. If this were not so the CO2 sinks in illuminated chloroplasts would have depleted the environment of the CO, sensor and caused the apparent Kq to rise in the light significantly. Shaw and Maclachlan (17) showed that the chloroplasts of guard cells do fix CO,.
The recorded delays in stomatal reactions to increases in CO2 concentration (Table I) 
